Low temperature ͑30 K͒ long wavelength photoluminescence emission ͑ = 1400-1600 nm͒ from metalorganic chemical vapor deposition grown InGaAsN-GaAsSb type II "W" quantum wells ͑QWs͒, on GaAs substrates has been demonstrated. Thin layers ͑2-3 nm͒ and high antimony-content ͑30%͒ GaAsSb were utilized in this study for realizing satisfactory wave function overlap and long wavelength emission. Tensile strained GaAsP barriers effectively improve the material structural and luminescence properties of the compressive strained active region. Room temperature photoluminescence data show that the type-II QW design is a promising candidate for realizing long wavelength GaAs-based diode lasers beyond 1500 nm.
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For superior optical communication system performance and reduced cost, long wavelength ͑ϳ1300-1550 nm͒ GaAs-based diode lasers have drawn much attention over the years. The quaternary dilute nitride material InGaAsN represents one of the strongest candidates for 1300 nm emitting diode lasers.
1,2 However, extending the wavelength beyond 1300 nm leads to serious device performance degradation as more nitrogen is introduced into the InGaAsN active region. [3] [4] [5] Recently, we proposed a novel approach with an InGaAsN-GaAsSb type II quantum well ͑QW͒ active region for realizing GaAs-based diode lasers with emission wavelengths beyond = 1500 nm. 6 This novel approach utilizes the type II band alignment between InGaAsN and GaAsSb. Previous InGaAs-GaAsSb type II QW lasers and photoluminescence studies have been reported. The emission wavelengths were generally limited to 1200-1400 nm, however, mainly due to the maximum lattice strain that the structures can accommodate and the large energy band gap of InGaAs. [7] [8] [9] In this study, we utilize the radiative recombination processes between electrons in the InGaAsN conduction band and holes in the GaAsSb valence band. The spatially indirect type II transitions yield longer-wavelength emission than any type I transition from the individual layers. Accordingly, optimizing the electron and hole wave function overlap is essential, as it significantly impacts the radiative efficiency and differential gain of the structure. With the InGaAsN-GaAsSb type II QW design, emission wavelength can be engineered over a wide range, and reasonable wave function overlap can be obtained with a thin QW. The deep potential wells also provide good carrier confinement, which is expected to result in favorable temperature performance of the device characteristics. In addition, by utilizing InGaAsN with high indium content, instead of GaAsN, the required nitrogen content can be greatly reduced, which is beneficial to the material quality and laser properties.
In this study, we investigated a type II QW structure, consisting of a GaAsSb hole QW sandwiched by two InGaAsN electron QWs to form the "W" configuration. 6 Previously, type II "W" active regions grown on GaSb substrates have also been employed for achieving some of the leading III-V interband lasers for the mid-IR regime ͑ =3-5 m͒.
10 Figure 1 shows the schematic band diagram of the "W" shape InGaAsN-GaAsSb active region. The "W" structure design preserves a superior wave function overlap, two-dimensional density of states 10 and a possible mechanism for Auger recombination suppression. 10, 11 Design studies on the "W" structure have indicated that the electron and hole wave function overlap is about 50%, and that emission a͒ Author to whom correspondence should be addressed; electronic mail: mawst@engr.wisc.edu wavelengths as long as 2 m should be achievable. Ideally, the GaAsSb and InGaAsN layers should be thin to maximize the wave function overlap. On the other hand, the current material epitaxy technology limits the minimum achievable layer thickness. In this work, the InGaAsN and GaAsSb thicknesses are kept at 2 -3 nm, the practical range proposed by the theoretical study. 6 Tensile-strained barriers of GaAs 0.85 P 0.15 have been employed to compensate the compressively strained "W" active region. This strain compensation design is especially desirable in multiple-stage structures for maximizing the laser modal gain. Optimization of the layer thickness and tensile strain of the GaAsP barriers leads to significant improvements in both the photoluminescence ͑PL͒ intensity and the full width half maximum ͑FWHM͒. The samples grown for this study contain a single "W" active region located at the center of a 300-nm-wide GaAs separate confinement heterostructure region. Thin Al 0.65 Ga 0.35 As top-and bottom-cladding layers ͑150 nm͒ are included for better carrier and optical confinement.
The structures were grown by metalorganic chemical vapor deposition ͑MOCVD͒ at an active region growth temperature of 530°C and reactor pressure of 100 mbar. Trimethylgallium, trimethylaluminum and trimethylindium were the group III precursors materials, and AsH 3 , PH 3 , trimethylantimony, and U-dimethylhydrazine ͑U-DMHy͒ were the group V precursors. The solid phase material compositions of InGaAsN and GaAsSb were determined by highresolution x-ray diffraction ͑HRXRD͒ experiments with the layer thickness information obtained from transmission electron microscope images. For GaAsSb, a low V/III ratio of 1.34 ͑gas phase Sb/V=85%͒ was utilized, leading to the high antimony solid content of 30% that is essential for achieving long wavelength emission. The growth rate under this condition was calibrated to be 90 Å / min. The gasswitching scheme was studied previously and utilized here for achieving good GaAsSb interfaces. 12 Rough and graded interfaces can greatly deteriorate the luminescence intensity from the type II QW structure, due to the nature of the spatially indirect transition. For InGaAsN, the indium content was 37% and the N / V ratio ͑mole flow ratio of DMHy and total group V in gas phase͒ was in the 0.994-0.996 range, corresponding to a solid-phase nitrogen content of approximately 2%. In general, we utilized a very small ͓AsH 3 ͔ / III ratio ͑Ͻ10͒ for growing InGaAsN to allow for sufficient nitrogen incorporation. To characterize the grown QW optical quality, room temperature and low temperature PL measurements ͑30 K͒ were conducted with an argon-ion laser ͑ ϳ 514.5 nm͒ as the excitation source. Figure 2 shows the ͑0 0 4͒ x-ray -2 diffraction pattern of a three-stage InGaAsN-GaAsSb "W" structure. Between each stage, GaAs and tensile strained GaAsP were employed as barriers to separate the highly strained active regions. The two broad envelope modulations represent the diffraction peaks from the individual InGaAsN and GaAsSb layers, as pointed out in the figure. They overlap with the Pendellösung fringes, which result from the diffraction of the periodic layer structure, forming the x-ray diffraction pattern shown in Fig. 2 . The distinct fringe pattern indicates good crystal and interface quality of the highly strained materials. Figure 3͑a͒ shows the 30 K PL spectrum of three asgrown InGaAsN-GaAsSb type II "W" QW structures with various nitrogen contents in the InGaAsN. The InGaAsN thickness is fixed at 2.5 nm, and the thickness of the PL intensity and FWHM for the 1620 nm sample is presumably due to onset of the three-dimensional growth mode under such an extremely high N / V ratio, which is further verified by the HRXRD experiments.
To confirm that the light emission is a result of electronhole radiative recombination via the type II transition, InGaAsN-GaAs single QW and GaAsSb-GaAs single QW structures ͑keeping the same material compositions and QW thickness as the layers in the "W" structure͒ were grown with the N / V ratio equal to 0.995. Those two QW structures and the type II QW were in situ annealed at 640°C for 25 min. The 30 K PL emission wavelengths for all three are shown in Fig. 3͑b͒ . The peak wavelengths for the InGaAsN and GaAsSb QWs are 1184 and 1080 nm, respectively, while the peak for the type II "W" QW occurs near 1380 nm. The significant wavelength extension obtained for the InGaAsNGaAsSb "W" structure confirms that the transition in this active region is type II. The emission wavelength of 1380 nm for the annealed sample is shorter than that measured for the as-grown sample ͑1480 nm͒, shown in Fig.  3͑a͒ , due to the well-known blueshift effect that occurs when InGaAsN is thermally annealed. In addition to the wavelength blueshift, the PL intensity of the annealed sample is six times higher than that of the as-grown sample. According to our energy band structure simulation by the ten band k · p formalism, 7 the calculated 30 K emission wavelengths of the InGaAsN-GaAs QW, GaAsSb-GaAs QW, and type II "W" structure are 1054, 1081, and 1345 nm, respectively. That the predicted emission wavelengths for the samples containing InGaAsN layers are shorter than the experimental results may be due to atomic ordering in the InGaAsN, which is not accounted for in the simulation. Since the thermal annealing condition utilized here does not saturate the blueshift, a higher-temperature anneal may induce further blueshift and hence closer agreement with modeling. In addition, graded InGaAsN-GaAsSb interfaces may also contribute to the deviation between theory and experiment.
This type II QW structure also displayed long wavelength emission at room temperature. Figure 4 shows the room temperature PL spectrum of the InGaAsN-GaAsSb "W" structure with N / V of 0.996 and annealed at 720°C. Under high excitation power density ͑100 W / cm 2 ͒, the emission wavelength is near 1600 nm. The wavelength shift from 1580 nm at 30 K to 1600 nm at room temperature results from the combination of a redshift with increasing temperature and a blueshift at higher excitation power density ͑and higher carrier density in the QW͒. 13 This room temperature PL result indicates that the type II QW design is a promising candidate for realizing long wavelength GaAs-based diode lasers that emit beyond 1500 nm.
In summary, long wavelength emission ͑ ϳ 1400-1600 nm͒ has been observed from InGaAsNGaAsSb type II "W" QW structures grown by metalorganic chemical vapor deposition. With optimized growth conditions, high antimony content GaAsSb was achieved for extension of the wavelength. The "W" structure's layer thickness of 2 -3 nm is in the desired range, according to theoretical simulations. The x-ray and PL studies show good crystalline and optical luminescence properties of the grown structures. Successful demonstration of room temperature luminescence at 1600 nm from the type II QW identifies its potential for realizing GaAs-based diode lasers emitting beyond 1400 nm.
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